Knowledge is useless without structure. While the classification of knowledge has been an enduring philosophical enterprise, it recently found applications in computer science, notably for artificial intelligence. The availability of large databases allowed for complex ontologies to be built automatically, for example by extracting structured content from Wikipedia. However, this approach is subject to manual categorization decisions made by online editors. Here we show that an implicit classification hierarchy emerges spontaneously on Wikipedia. We study the network of first links between articles, and find that it centers on a core cycle involving concepts of fundamental classifying importance. We argue that this structure is rooted in cultural history. For European languages, articles like Philosophy and Science are central, whereas Human and Earth dominate for East Asian languages. This reflects the differences between ancient Greek thought and Chinese tradition. Our results reveal the powerful influence of culture on the intrinsic architecture of complex data sets.
INTRODUCTION
T HE fact that anyone is free to edit articles on Wikipedia could have resulted in a disaster. Instead, articles are often of high quality, with a level of accuracy similar to the reputable Encyclopaedia Britannica, as demonstrated by a 2005 Nature investigation [1] . Moreover, in the absence of global coordination among editors, no definite large-scale structure was expected. Yet, in 2008 some universal property was discovered [2] (see also [3] ): clicking on the first link in the main text of any article and repeating the process for subsequent articles almost always led to the Philosophy article. An explanation of this surprising phenomenon could emanate from the classifying nature of first links. Wikipedia's Manual of Style [4] indeed recommends that "the opening sentence should provide links to the broader or more elementary topics that are important to the article's topic or place it into the context where it is notable." This implies that following the sequence of first links would naturally lead to increasingly fundamental concepts. In turn, the prominence of Philosophy in this spontaneous classification could then stem from the foundational role played by ancient Greek philosophy in the intellectual development of Western civilization. It would thus appear that the self-organization of knowledge on Wikipedia is informed by cultural heritage. We will test this hypothesis by studying the network of first links on Wikipedia.
Many studies have analyzed Wikipedia as a complex network, with articles represented by vertices and links by edges. The semantic structure of the English edition of Wikipedia was analyzed in [5] . References [6] and [7] found that Wikipedia networks in several languages were "scalefree" [8] , [9] and related their growths to the "preferential attachement" mechanism [10] . Properties of Wikipedia networks were further studied in [11] , [12] , [13] .
In contrast to these works, which usually considered (a subset of) all the links on Wikipedia, we focus on the network made out only of first links, because of their classifying function. The network of first links for the English Wikipedia has already been found to be scale-free in [14] . Here we argue that culture influences the architecture of first-link networks for Wikipedias in different languages.
CORE CYCLE OF WIKIPEDIA
By first link of a Wikipedia article we mean more precisely the first link in the main text (not in parentheses), and exclude links in comments, tables, or images, as well as selflinks and links to inexistent or external pages. Each vertex has exactly one outgoing edge (its first link), but can have many incoming edges (when it is the first link of many articles). Starting from any vertex, there is a unique directed path of first links through a sequence of vertices. This path eventually closes when it reaches a vertex for the second time, thus creating a cycle. The subset of all the vertices connected to a given cycle forms a directed unicyclic graph. However, not all articles connect to the same cycle. The network of first links breaks down into a collection of components, each centered on a cycle towards which all first-link paths converge.
There is in general one cycle that attracts a vast majority of vertices. This core cycle typically consists of a sequence of several vertices, whereas other cycles often only contain two vertices. As an example, the core cycle on August 1, 2017 was made out of the concepts {Philosophy, Education, Learning, Knowledge, Fact, Verificationism} and attracted 94.3 percent of the 5,395,328 articles analyzed ( Fig. 1 ). The largest secondary cycles were {Canada, Provinces and territories of Canada} (1.4 percent) and {Government, Gover-nance} (1.2 percent) (supplemental Table 1 , which can be found on the Computer Society Digital Library at http:// doi.ieeecomputersociety.org/10.1109/TNSE.2018.2812788). We stress that the set of concepts in the core cycle is very unstable, as it can change drastically after a minor edit on a first link (supplemental Table 2 , available online). Just one month earlier, on July, 1 2017, the core cycle was {Knowledge, Fact, Experience} (92.1 percent) and did not include Philosophy. It would therefore be misleading to attach too much signification to the presence of a concept in the core cycle. Although fundamental classifying concepts are likely to be in the core cycle, peripheral concepts may enter accidentally, and some important concepts may be missing.
HUBS AND SCALE-FREE DISTRIBUTION
Given the unreliability of the core cycle, we would like to find a more robust way to determine which concepts are the most fundamental. There exist many methods in network science to measure the importance of a vertex. The simplest one is the degree k, defined as the number of incident edges (note that by definition the out-degree of any vertex is one). Since it would take many changes in first links to alter it significantly, this measure is very robust, as illustrated by the evolution of the highest degrees from March to August 2017 ( Fig. 2) . Interestingly, the degree distribution of the network of first links exhibits the power-law P ðkÞ / k Àg (with g ' 2:3) and long tail characteristic of scale-free networks [8] , [9] , [10] (Fig. 3 ). The degree is high for popular articles, called hubs, that appear as the first link in many articles. The predominance of the United States article is thus certainly due to the large number of American celebrities and entertainment products. Other popular categories include sports (Association football, American football), biological taxonomy (Moth, Species, Genus, Beetle), administrative divisions (Village, Commune de France, Unincorporated area), and countries (United Kingdom, Germany, France). Despite their importance, these umbrella concepts are clearly not the most fundamental in terms of knowledge classification.
FUNDAMENTAL CLASSIFYING CONCEPTS
A more relevant measure of the fundamental nature of an article is its betweenness centrality C B ðvÞ [15] , defined as the number of shortest paths between any pairs of vertices that run through a given vertex v (in the undirected network, so as to suppress the undesired advantage of vertices in the core cycle). Vertices with high C B are close to the core cycle or at the confluence of several important branches, which are precisely properties that we expect for fundamental concepts. C B is also remarkably robust ( Fig. 4 ) and appears to be uncorrelated with the abrupt changes in the composition of the core cycle. We indeed observe that the ranking is dominated by Science even though it was not part of the core cycle, except in May 2017. Conversely, relatively anecdotal concepts in the core cycle, such as Fact and Verificationism, do not have high C B . Knowledge itself ranks high as a fundamental concept for knowledge classification. The largest change in C B took place for the pair of articles (Education, Learning), which had a marked surge in April followed by a decline in July. It would be interesting Fig. 1 . Network of first links on Wikipedia on August 1, 2017. Vertices represent articles and directed edges represent first links. For clarity, we restricted the network to 1,000 vertices. The core cycle was {Philosophy, Education, Learning, Knowledge, Fact, Verificationism} (highlighted in red). The mean distance to Philosophy was 14.3. The size of a vertex indicates its degree (number of direct neighbors), and the color temperature its betweenness centrality. Science has the highest betweenness centrality. to determine whether this is a seasonal phenomenon. Notwithstanding, we have found that betweenness centrality provides a robust measure of the classification importance of a concept.
CULTURAL INFLUENCE
Our results suggest an influence of cultural history on the classification network of first links on Wikipedia. As mentioned above, the attractive power of the Philosophy article may be understood as a manifestation of the origin of Western civilization in the thought of ancient Greek philosophers. In the same vein, a natural explanation for the high betweenness centrality of Science would be the growing influence of scientific thinking since the Enlightenment in Europe. If this is correct, we should observe significant differences for Wikipedias in languages that are not embedded in Western cultural history. We analyzed the networks of first links for several of the most well-developed Wikipedias (supplemental Figure 2 , available online). We start by noticing that the degrees exhibit the same pattern in all languages, dominated by geographical notions, with understandable regional variations (supplemental Table 4 and Figure 1 , available online). The first major difference is the composition of the core cycles (supplemental Table 3 , available online). For Japanese we find {Human, Interpersonal relationship} (74.7 percent), and for Chinese a triplet of cycles of similar importance: {Matter, Invariant mass, Energy, Physics} (37.5 percent), {Solar system, Sun} (26.9 percent), and {China, Chinese history} (21.9 percent). This is consistent with the focus on human relationship in Confucianism, one of the main influences on the East Asian cultural sphere, and with Chinese concepts such as the Qi (vital energy or material force) and the three harmonies (heaven, earth, man). Moreover, the articles Human and Earth appear among those with the highest betweenness centrality, while scientific concepts are strikingly absent ( Table 1, supplemental Table 5 , available online). Note that the high betweenness centrality of some geographical hubs reflects a tendency towards popularity rather than categorization. The very presence of three giant components for Chinese illustrates the Eastern holistic approach, in contrast to the Western analytic approach [16] , [17] .
The comparison between concepts with high C B in different European languages reveals meaningful variations as well ( Table 1 ). The English edition displays the values of analytic philosophy, with its emphasis on science and conceptual analysis. In contrast, the French edition displays the values of continental philosophy: the predominance of Philosophy over Science, and the importance of language and etymology. It also seems significant that State dominates the Russian edition. We thus observe a strong correlation between concepts with high betweenness centrality and cultural heritage, in agreement with our hypothesis about the influence of culture on the structure of knowledge.
CONCLUSION
The discovery of a self-organizing architecture of knowledge on Wikipedia constitutes an applied philosophy demonstration of the implicit impact of cultural heritage on fundamental world views. This phenomenon could be useful for the fully automatic construction of ontologies able to deal with constantly evolving environments [18] , [19] , [20] , [21] , [22] , [23] , [24] . An important challenge is to understand whether powerful unplanned structures also emerge in other types of data sets. This can have far-reaching implications for artificial intelligence, which would inadvertently learn deeper lessons than we would be aware of teaching.
METHODS

Wikipedia Data
For our analyses of Wikipedias in various languages we used mostly the 'database backup dumps' on Wikimedia (https://dumps.wikimedia.org). Another source of Wikipedia dumps is the Internet Archive (https://archive.org).
First-Link Paths and Network
For each Wikipedia edition, we determined the first links for all articles using a Scala program (available at [25] ). Starting from any article, we constructed a path that follows first links and stops when reaching an article for the second time (we identified redirect pages with their targets). The network of first links was then assembled from such first-link paths. Note that this construction always leads to a network with mean degree hki ¼ 2. To see this, let's consider a single first-link path. Its vertices have k ¼ 2, expect the initial one with k ¼ 1 and the final one with k ¼ 3. Now let's add a second first-link path ending on the same cycle, which effectively amounts to gluing an open path. The degree of the vertex used for the gluing increases by one, but this is compensated by the degree k ¼ 1 of the added initial vertex. By recursion, we conclude that the mean degree of the full network is indeed exactly 2.
Network Analysis
We analyzed the networks of first links with Mathematica [25] .
The degree k is defined as the number of incident edges (incoming and outgoing, without multiplicity), or equivalently as the number of direct neighbors. The betweenness centrality of a vertex v is given by
where s ij is the total number of shortest paths from vertex i to vertex j, and s ij ðvÞ is the number of those that pass through v. Although networks of first links are directed, we used betweenness centrality for their undirected versions as a measure of the fundamental classifying nature of vertices.
Network Visualization
When plotting a network of first links, we restricted for clarity to a small subset of the giant component, constructed by superimposing first-link paths until we obtained 1,000 vertices. The multiplicity of an edge gives a visual indication of the number of paths that run through it. This reveals the circulatory structure of the network, with the core cycle at its heart. Maxime Gabella received the PhD degree in theoretical physics from the University of Oxford. He is a member of the School of Natural Sciences, Institute for Advanced Study in Princeton. His research interests include supersymmetric quantum field theories, holography, geometry, spectral networks, machine learning, and artificial intelligence. He held postdoctoral positions at the Commissariat a l' Energie Atomique in Saclay and at the Department of Mathematics of Hamburg University. He has received research fellowships from the Berrow Society and the Swiss National Science Foundation.
" For more information on this or any other computing topic, please visit our Digital Library at www.computer.org/publications/dlib.
